Abstract. Glioblastomas (GBM) are the tumors originating from the star shaped supportive cells in brain known as astrocytes. These tumors are highly cancerous as they have the ability to proliferate very quickly. New therapeutic strategies are being developed worldwide to fight against deadly GBM, which has median survival time of just 14 months. Proteasome inhibition is an upcoming strategy for GBM. Proteasome inhibition has shown promising results in cancers such as myeloma. However, in the recent past this form of therapy has also shown positive results in brain tumors in the form of elevated apoptosis. We searched the electronic database PubMed for pre-clinical as well as clinical controlled trials reporting importance of proteasome inhibitors during GBM. It was observed clearly that this approach is evolving and has been observed to be promising therapeutic avenue against GBM. Thus, the present review aims to enlighten the present views on use of proteasome inhibition strategy in the case of GBM.
Introduction
The prominent tumor at brain site with malignant nature is glioblastoma (GBM) with an incidence of 3 cases/100,000 person years (1,2). Earlier GBM was treated by surgical resection and radiation. However, in a recent past increased survival has been observed in GBM patients treated with radiation plus temozolomide, an alkylating agent that causes DNA damage-induced cancer cell death (3). Even with this improvement in treatment, however, the median survival of patients only increased incrementally to 14.2 months (3,4). The continued poor prognosis of GBM patients highlights the need for novel therapeutic strategies to enhance survival.
The extensive sequence information has allowed classification of GBM into 4 main molecular subtypes: the proneural subtype, which is characterized by aberrations in platelet-derived growth factor receptor-α (PDGFRA), isocitrate dehydrogenase-1 (IDH1), and tumor protein p53 (TP53); the classical subtype, which is characterized by aberrant epidermal growth factor receptor (EGFR) expression; the mesenchymal subtype, with defects in neurofibromin 1 (NF1) expression; and the neural subtype, which is associated with gene signatures closer to more differentiated cells such as astrocytes and neurons (5). Another effort to identify a large amount of data from sequencing of brain tumors is the Repository of Molecular Brain Neoplasia Data (REMBRANDT), which includes data for gene expression and clinical endpoints for over 800 samples from different kinds of brain tumors (6). Though these efforts have greatly contributed to our knowledge base on GBM, more recent studies have indicated that these large scale sequencing efforts can greatly underestimate the remarkable heterogeneity that occurs within individual GBM tumors. Single cell studies identified subpopulations of cells within individual tumors that had a single clonal origin, but had acquired expression of receptor tyrosine kinases from multiple tumor subtypes, particularly of EGFR, MET, and PDGFRA (7,8). Expression of these receptors was often mutually exclusive in the different subpopulations within the tumor. Additionally, another study performed single cell RNA sequencing in multiple cells for 5 different primary GBM samples and found notable heterogeneity within single tumors (9). Notably, they identified cells that represented different subtypes (mesenchymal, classical, proneural, and neural) within the same tumor.
This heterogeneity has important implications for therapeutic strategies, as it indicates that targeting just one or even two of these abnormalities may not be effective. The present body of knowledge emphasizes the complexity of GBM and highlights a need for therapeutic strategies that could target broad mechanisms at work in cancer cells that may have a variety of genetic mutations. One potential approach to this problem is targeting the ubiquitin-proteasome system for GBM therapy. In the present review we discuss important current aspects of the strategy and the promising inhibitors for GBM therapy.
Proteasome inhibitors
Inhibitors in use for proteasome inhibition therapy could be classified into 5 main classes. Reversible inhibitors are classified as either peptide aldehydes (e.g., MG132) or peptide boronates [e.g., bortezomib (BTZ)]. Irreversible inhibitors can be divided into β-lactones [e.g., marizomib (MRZ)], peptide vinyl sulfones, or peptide epoxyketones (e.g., carfilzomib) (10). The most well-established, clinically utilized proteasome inhibitor is the dipeptide boronic acid BTZ. Determination of the crystal structure of BTZ in complex with yeast 20S proteasomes revealed that the boronic acid moiety of BTZ interacts with amino acids surrounding the 20S proteasome active site threonine, forming a tetrahedral boronate adduct. BTZ also forms a hydrogen bridge between a hydroxyl group from the boronate group and the proteasome active site threonine itself (11). Previous studies of the binding mechanism have revealed that BTZ inhibits the proteasome in a manner that is slowly reversible. Crystal structure experiments as well as a study that utilized a probe for the active sites of the proteasome revealed that, while BTZ has the strongest affinity for binding and inhibiting β5, it can also inhibit β1 and β1i (12).
Studies of BTZ have identified its anticancer potential in a variety of tumors including colorectal cancer (13), pancreatic cancer (14,15), and lung cancer (16). BTZ has been particularly successful in myeloma, as it induces death in multiple myeloma cells at doses that are non-toxic to normal peripheral blood mononuclear cells, establishing it as a potential therapeutic agent for this disease (17). Subsequent clinical trials demonstrated therapeutic activity of BTZ (18). In the phase III Assessment of Proteasome Inhibition for Extending Remissions (APEX) trial, BTZ increased median survival from 23.7 months in patients receiving dexamethasone to 29.8 months (19). Additionally, BTZ treatment was associated with a 43% overall response rate and 9% complete response rate in the APEX trial.
The success of BTZ fueled development of other inhibitors in this class, including MRZ (formerly NPI-0052) (20). MRZ is a nonpeptide proteasome inhibitor that was isolated from the marine actinomycete Salinispora tropica and structurally resembles the natural proteasome inhibitor omuralide (21). MRZ contains a β-lactone ring with a chloride leaving group that is important for the irreversible inhibitory nature of MRZ; the leaving group allows formation of a cyclic ether with the active site threonine in the proteasome (22). In addition to causing more sustained proteasome inhibition compared to BTZ, MRZ also inhibits the β5 and β2 proteasome subunits at lower doses than BTZ (23). Differences in the mode of proteasome binding (irreversible for MRZ vs. reversible for BTZ) and target specificity (β5 and β2 for MRZ vs. β5 and β1 for BTZ) have led to some key differences in how these drugs induce death in cancer cells. While BTZ and MRZ both target the 'standard' 20S proteasome, specific inhibitors of the immunoproteasome have also been developed. IPSI-001, a specific inhibitor of β1i, induced death in myeloma cells and overcame resistance to BTZ (24). ONX-0914 (also known as PR-957) is another immunoproteasome-specific inhibitor. It specifically targets LMP7 (β5i), and most present studies have focused on the ability to attenuate immune-related diseases such as arthritis and colitis (25). Future investigations targeting alternative proteasome components in cancer are required.
Induction of apoptosis and autophagy by proteasome inhibitors in cancer
Proteasome inhibitors have been shown to induce caspase-dependent apoptosis in a variety of cancer types, including leukemia and myeloma (26). A family of cysteine proteases known as caspases carries out apoptosis. Caspases-2, 8 and 9 are initiator caspases; these proteases exist as inactive pro-caspases that are activated in response to signals that induce their recruitment to activation platforms and proteolytic processing of these caspases to their active forms (27). Specific apoptotic studies in other cancer models have found that BTZ and MRZ rely on different caspases; MRZ induced caspase-8-dependent apoptosis in leukemia and myeloma, while BTZ was more equally dependent on caspases-8 and 9 (26). Previous findings showed that BTZ can induce death in GBM cells as measured by MTT assay (28). BTZ also induces cell cycle arrest and cleavage of poly ADP ribose polymerase in GBM cells, suggesting that death may occur due to caspase activation and apoptosis but without clarifying the role of specific caspases (29). Preliminary evidence also suggested that MRZ induced death in glioma cells, but a more specific examination of the death mechanism is lacking (30) . The dependence of proteasome inhibitors on activation of specific initiator caspases has not yet been reported in GBM.
Increases in reactive oxygen species (ROS).
One stimulus for proteasome inhibitor-induced death is increased ROS levels after proteasome inhibition. Proteasome inhibitors have been shown to increase ROS in numerous types of cancer, including multiple myeloma, mantle cell lymphoma, colon cancer, and lung cancer (31) . Inhibition of mitochondrial electron transport chain components prevented BTZ-induced ROS increases, suggesting that ROS is likely produced by mitochondrial dysfunction. The importance of ROS was solidified by the fact that proteasome inhibitor-induced death in mantle cell lymphoma was blocked by treatment with the antioxidants glutathione ethyl ester (GSHEE) and N-acetyl cysteine, which acts as an antioxidant by increasing levels of the antioxidant glutathione (32) . Some studies have presented conflicting findings. One study showed that lung cancer cells did not have increased ROS after BTZ treatment, and also were not protected from BTZ-induced death by NAC (33) , while a conflicting study reported that induction of ROS and mitochondrial dysfunction were important events in BTZ-mediated apoptosis in lung cancer cells (16). These results suggest that effects on ROS and the protective effect of antioxidants may be cell-specific, possibly due to factors such as differences in basal antioxidant capacity in different cell types.
Stimulation of autophagy.
Another pathway of cellular protein breakdown is autophagy, a process in which proteins and organelles are first engulfed via autophagosomes, leading to mortification. The role of autophagy in cancer and therapeutics is complex: Autophagy can aid survival by clearing cells of damaged proteins and aggregates, but may also promote death when stimulated at high levels (34) . Proteasome inhibitors have been found to induce autophagy in a variety of cell types including prostate cancer (35) and melanoma (36) . Induction of autophagy is generally thought to be a protective mechanism in cancer cells treated with proteasome inhibitors, and dual inhibition of the proteasome and autophagy has been shown to increase cell death (37) . Increased death after dual inhibition of the proteasome and autophagy appears to be specific to transformed cells, possibly indicating an increased reliance of cancer cells on these cellular processes (38) . Though it is possible that autophagy may also be responsible for cell death in some cases (39) , careful studies are necessary to delineate whether this process is acting as a pro-death or pro-survival mechanism.
Clinical challenges in treatment of GBM with proteasome inhibitors
The blood-brain barrier (BBB). The BBB forms a barrier that serves many functions, including restriction of the substances that are able to exit the capillaries in the brain and is formed by association among the endothelial cells (40) . The BBB is, therefore, thought to prevent some therapeutic agents from being effectively delivered to lesions in the brain (41) . One study in an orthotopic xenograft model of GBM investigated BTZ in combination with neural stem cells (NSCs) expressing TRAIL (42) . NSCs have been shown to migrate to intracranial tumors, and expression of TRAIL allows them to trigger death receptors on cancer cells. This study found that BTZ increased 100-day survival by 20% in mice also receiving NSC-TRAIL. However, strong in vitro data showing the efficacy of the combination of BTZ and the histone deacetylase inhibitor (HDACi) vorinostat (43) did not translate in a clinical trial; a phase II study of BTZ and the HDACi vorinostat in relapsed GBM patients was closed at the interim analysis due to failure to prevent disease progression (44) . BTZ increased the efficacy of NSC-TRAIL therapy in orthotopic brain tumors, but specific markers of proteasome inhibition were not reported in this study, so there was no direct measurement of proteasome inhibition (42) . For MRZ, a previous study examined proteasome activity in mice from 10 min to 24 h following intravenous injection of 0.15 mg/ kg MRZ and reported that MRZ did not decrease proteasome activity in the brain; however, this study was performed in mice without brain tumors, and therefore with intact BBB (45) . Therefore, the present body of evidence concerning the extent of proteasome inhibition achieved by BTZ and MRZ in relevant orthotopic brain tumor models is incomplete.
Adverse effects. Between 33 and 66% of myeloma patients treated with BTZ experience peripheral neuropathy (46). However, its incidence is rarely reported in patients with solid tumors undergoing treatment with BTZ (47), it is still an important consideration for patients. Treatment with antioxidants such as vitamin E, NAC, and glutathione have produced promising results for decreasing peripheral neuropathy (48) . However, supplementation with antioxidants must be implemented with caution. Previous findings have shown that vitamin C can directly inactivate BTZ, reducing its efficacy (33) . Notably, a phase I trial in myeloma indicated that MRZ was not associated with peripheral neuropathy (49) .
Drug resistance. The observed relapses in some patients on BTZ therapy are the result of drug resistance (33) . Several mechanisms of BTZ resistance have been described. In some cases, cells induce changes to the proteasome itself; this may include upregulation of proteasome subunits, alterations in the composition of the proteasome subunit pool, or mutations that limit binding of BTZ (50) . For these cases, resistance may be overcome by new-generation proteasome inhibitors such as MRZ, which targets the proteasome at lower concentrations and induces death by mechanisms different from BTZ, or immunoproteasome inhibitors, which target alternative catalytic subunits (51) .
In other cases, resistance occurs due to differences in the cellular environment that attenuate the toxic functions of proteasome inhibition. For example, cells with a higher basal antioxidant capacity, such as elevated expression of the antioxidant transcription factor Nrf2, have been found to be more resistant to proteasome inhibitors (52) . Also, activation of autophagy, an alternative cellular degradation pathway, was found to protect cells from proteasome inhibitors in prostate cancer (36) . Together, these studies indicate that cells may have ways of escaping the toxic effects of proteasome inhibitors by modulating the cellular environment and inducing alternative pathways for protein disposal. Another route of resistance involves direct inhibition of apoptosis pathways. Overexpression of anti-apoptotic regulators of mitochondrial integrity such as Bcl-2 and Bcl-XL is seen in some types of cancer, including GBM, which could make these cells resistant to therapies that target the intrinsic pathway of apoptosis (53) .
Need for combination treatment strategies. To maximize therapeutic efficacy and limit toxicity, many drugs used in the clinic are administered as part of rationally designed combination strategies. MRZ and BTZ are both good candidates for combination therapy strategies. An improved understanding of BTZ and MRZ and their cell death mechanisms in GBM will definitely aid in the design of rational combination strategies that potentiate the efficacy of these agents in the clinic.
One combination strategy that has been investigated in other cancer types is that of proteasome inhibitors with HDACi. Expression of HDACs has been shown to be altered in several types of cancer, including GBM (54) . The first clinically relevant HDACi was the hydroxamic acid vorinostat (also called SAHA) (55) . There are four classes of HDACs, and vorinostat inhibits classes I and II. Vorinostat leads to accumulation of acetylated histones, and alters expression of 2-10% of genes in transformed cells (56) . Vorinostat induces death in a variety of cancer types, and it has FDA-approval for cutaneous T-cell lymphoma (57) . Several other HDACi have been developed. Some HDACi have more narrow inhibitory profiles, such as the benzamide derivative entinostat, a specific inhibitor of class I HDACs (58) . Panobinostat is currently in several clinical trials, including a phase I/II trial in combination with the angiogenesis inhibitor bevacizumab for malignant glioma (59) .
Previous studies have indicated the efficacy of the combination of HDACi with proteasome inhibitors. The overlap between the mechanisms of HDACi and proteasome inhibitors may contribute toward their synergistic effects. Therefore, the combination of proteasome inhibitors and HDACi may be a potent combination in GBM.
Conclusion
The above citations have shown that proteasome inhibitory strategy especially in combination therapeutic mode is an upcoming efficient module for GBM management. However, further studies are required to establish it as a gold standard therapy against GBM. 
